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Denise Ogilvie, Hsu-Chiang Kuan*Gd2O3 nanoparticles surface-modified with IPDI were compounded with epoxy. IPDI provided
an anchor into the porous Gd2O3 surface and a bridge into the matrix, thus creating strong
bonds betweenmatrix and Gd2O3. 1.7 vol.-% Gd2O3 increased the Young’s modulus of epoxy by
16–19%; the surface-modified Gd2O3 nanoparticles improved the critical strain energy release
rate by 64.3% as compared to 26.4% produced by the unmodified nanoparticles. The X-ray
shielding efficiency of neat epoxy was enhanced by 300–360%, independent of the interface
modification. Interface debonding consumes energy and leads to crack pinning and matrix
shear banding; most fracture energy is
consumed by matrix shear banding as
shown by the large number of ridges on
the fracture surface.Introduction
Polymer/metal nanocomposites have attracted extensive
interest in the past decades,[1] because of: (i) particle/
particle correlation arising at low concentrations (<0.1 vol.-
%), (ii) ultra-low percolation thresholds (1 vol.-%), (iii) large
particle number densities of up to 1020 cm3, (iv)
extensive interfacial area per volume of particles
(107 cm2  cm3), (v) short particle/particle distances,
and (vi) decrease in metal particle size leads to a broadening
of the absorption band.[2] Two methods have been
developed to-date for the fabrication of polymer/metal
nanocomposites, including: (i) the in situ method involvesJ. Ma, H.-C. Kuan
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 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinmixing metal precursors with hydrophilic polymers, i.e.,
poly(ethylene glycol) and poly(vinyl alcohol), followed by
thermal or photochemical reduction,[3–8] and (ii) the
transfer method involves the preparation of nanoparticles
and the subsequent solution mixing with polymers.[9–14]
Both methods are not satisfactory in terms of engineering
applications, because (i) the in situ method requests
hydrophilic polymer matrixes, and this seriously limits
its application, because the majority of composites require
stability against moisture; and (ii) the transfer method
requires solvents and a large amount of surfactants for the
surface modification of nanoparticles to prevent agglom-
eration and yields low particle concentrations in the final
products (maximum 4 wt.-%). The in situ method was
recently used to produce polyolefin/metal oxide nanocom-
posite by a complicated method.[15] In this study, we
proposed a novel method for the fabrication of 10 wt.-%
polymer/metal nanocomposites by bridging nanoparticles
with a hydrophobic matrix via the porous structure of the
nanoparticles for the creation of a strong interface.
Interface between dispersion phase and matrix is one of
the key aspects for polymer nanocomposites. Surprisingly,
few research mentioned the interface between metal
nanoparticles and polymer matrixes,[16] for two reasons:elibrary.com DOI: 10.1002/mame.201000409 465
466
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traditional disciplinary areas of study (engineering,
chemistry, materials etc.), and (ii) a number of studies
have been conducted to embed nanoparticles in polymer
matrixes and simplified interface provided that the
dispersion of nanoparticles obtained.
The risk of radioactive contamination from industry,
especially from nuclear power industry, poses a great
occupational health and safety hazard to human
being.[17,18] Shielding materials developed to protect people
from hazardous radiation include metal, ceramic, concrete,
wood, etc. Although these materials proved effective, they
have a few limitations, such as low shielding-efficiency to
weight ratio, high cost and brittleness, which prevent
application across industries, especially where high shield-
ing-efficiency to weight ratio and ductility are requested
such as the wrapping of pipes in nuclear industry. In
comparison with metals and ceramics, polymers are known
for high specific strength – the ratio of strength to density.
However, the shielding performance of polymers is not
satisfactory at all. Thus, lead oxide (PbO) particles have been
adopted to compound with polymers to manufacture
shielding composites which are widely used across
industries. Three disadvantages are associated with
polymer/PbO composites: (i) the surface of PbO particles
is inert, which has no interaction with polymer matrix,
leading to deteriorated mechanical properties; (ii) PbO is
rated ‘3’ in terms of chronic toxicity by Chemwatch and
(iii) as one of the heavy metals, the atomic weight of lead is
207.2 g mol1, which means low specific strength for PbO-
compounded composites. Rare earth elements include
samarium, europium, gadolinium, terbium and dyspro-
sium; of these, gadolinium is most commonly used due to
its cost effectiveness. In comparison with PbO, gadolinium
oxide (Gd2O3) has the advantages of lower toxicity, higher
particle surface reactivity and smaller atomic weight. Liu
et al. first employed an in situ polymerization method to
develop rubber/gadolinium composites which showed a
significant X-ray shielding effect.[19] However, important
questions yet to be answered include: Since the interface
between dispersion phase and matrix poses a significant
effect on the mechanical and functional properties of
polymer composites,[20,21] what is the effect of interface
on these properties of polymer/metal nanocomposites?
What are the structure/property relations of these novel
materials?
Epoxy resins are widely used for coatings, adhesives,
electrical laminates and structural components. However,
epoxy resins are inherently brittle, which significantly
reduces their service life. As a result, liquid rubber and
thermoplastics have been adopted to toughen epoxy.[22]
New tougheners developed so far include silicate
layers,[21,23–26] silica nanoparticles,[27–31] block copolymer
nanoparticles[32–33] and rubber nanoparticles.[33] InMacromol. Mater. Eng. 2
 2011 WILEY-VCH Verlag Gmbcontrast, no metal nanoparticle has been proposed to
toughen epoxy.
In this study, epoxy will be chosen as the matrix to study
the effect of interface modification of nanocomposite on the
mechanical properties, fracture toughness and X-ray
shielding property; Gd2O3 will be transferred from inor-
ganic to inorganic/organic via a facile method which takes
advantage of the porous structure of the Gd2O3 nanopar-
ticles. Structure-property relations are investigated using
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), mechanical and fracture toughness
measurement and dynamic mechanical testing.Experimental Part
Materials
Epoxy resin diglycidyl ether of bisphenol A (DGEBA, Araldite-F)
with epoxide-equivalent weight of 182–196 g  equiv1 was
supplied by Ciba-Geigy, Australia. Isophorone diisocyanate (IPDI)
was purchased from Sigma-Aldrich. The hardener polyoxy-
alkyleneamine (denoted J230) with Mw ¼230 was kindly provided
by Huntsman (Singapore). Gadolinium oxide nanoparticles (Gd2O3)
of 60 nm in lateral size were provided by GeoQuin Nano Rare
Earth Co., Ltd (www.zqre.com). Lead Oxide (PbO) was purchased
from Taiwan.Modification of Gd2O3 Nanoparticles and Fabrication
of Nanocomposites
The porous structure of Gd2O3 nanoparticles has been widely
acknowledged.[34,35] IPDI was chosen to modify Gd2O3, because it
is able to anchor into the pores of Gd2O3 nanoparticles due to
the proximity of its polar surface parameter (58.86) with that of
Gd2O3 (43.37).
[36] As a result, the nanoparticle surface was covered
by a layer of IPDI which would further react with hardener J230
during curing.
In specific, 10 g Gd2O3 nanoparticles were suspended in 14 g IPDI
using an ultrasonic bath for 10 min below 25 8C. The mixture was
transferred into a round-bottom, three-neck flask with a condenser
and mixed at 130 8C for 6 h, during which the suspension became
increasingly difficult to flow, a sol/gel characteristic. When the
mixture was cooled, it was washed with acetone and separated by a
centrifuge; this procedure was repeated three times to remove the
un-combined IPDI. The modified Gd2O3 (m-Gd2O3) nanoparticles
were blended with DGEBA by a mechanical mixer and heated at
100 8C for 1.5 h to remove acetone. This mixture was then blended
with J230, degassed, poured into a rubber mold and cured at 120 8C
for 15 h.
As a comparison, unmodified Gd2O3 nanoparticles (u-Gd2O3)
were compounded with epoxy. 10 g u-Gd2O3 nanoparticles were
suspended in 100 g acetone via sonication for 20 min below 25 8C.
Acetone was added to improve the nanoparticle dispersion in
epoxy. The u-Gd2O3 was mixed with DGEBA and further with J230
by a procedure identical to the fabrication of epoxy/m-Gd2O3
nanocomposite.011, 296, 465–474
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www.mme-journal.deThe density of Gd2O3 is 7.1 g  cm3;[37] the density of matrix is
assumed as 1.1 g  cm3. Thus, 10 wt.-% of epoxy/Gd2O3 nanocom-
posite is equivalent to 1.7 vol.-% nanocomposite.Fourier-Transform Infrared (FT-IR) Spectroscopy
FT-IR spectra of epoxy and various epoxy/Gd2O3 samples were
recorded between 4 000–400 cm1 on a Nicolet Avatar 320 FT-IR
spectrometer, Nicolet Instrument Co., Madison, WI, U.S.A. FT-IR
samples were prepared by a solution casting method on the KBr
plate. A minimum of 32 scans was signal-averaged with a 2 cm1
resolution.Electron Microscopy Analyses
SEM was used to examine the post-fracture surfaces of tensile and
compact tension (CT) specimens, which were coated with a thin
layer of platinum and observed using a Philips XL30 FegSEM at an
accelerating voltage 10 kV. Aggregate sizes were analyzed using an
image analysis software analySIS.
Ultra-thin sections of 50 nm in thickness were microtomed with
a diamond knife at room temperature using a Leica Ultracut S
microtome. The thin sections were then examined using a Philips
CM200 TEM at an accelerating voltage of 200 kV.Tensile and Fracture Toughness Tests
Tensile dumb-bell samples with a gauge length of 50 mm were
made by a silicone rubber mold and both sides were polished by
emery paper until all visible marks were removed. Tensile tests
were performed at a strain rate of 0.5 mm min1 at room
temperature using an Instron 5567 tensile machine. An Instron
extensometer 2630-100 was used to collect accurate displacement
data to determine the elastic moduli which were calculated at a
strain range 0.05–0.15%.
CT specimens were prepared using a rubber mold and steel pins
according to ISO 13586 with specimen width W30 mm and
thickness B5–6 mm. The CT samples were cured in the mold and
then both sides were polished by emery paper until all visible
marks disappeared. A sharp crack was introduced by a razor-
tapping method.[38] Tapping a razor blade into a thermoset
specimen initiates two types of cracks: non-propagated or instantly
propagated cracks. Only those instantly propagated cracks are
sufficiently sharp for valid fracture toughness measurements.[38]
Six specimens were tested for each data set with a crosshead speed
of 0.5 mm min1. Fracture toughness K1c and G1c values of CT
specimens were calculated using maximum loads and validated
according to ISO 13586.Figure 1. FT-IR spectra of unmodified and modified Gd2O3 nano-
particles.Dynamic Mechanical Analysis (DMA)
Dynamic mechanical experiments were obtained at a frequency of
1 Hz on a DMA 2980 dynamic mechanical analyzer (TA Instru-
ments, Inc., USA). A single cantilever clamp with a supporting span
of 20.00 mm was used. The rectangular specimen with a thicknesswww.MaterialsViews.com
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torque of 1 Nm. Specimens were scanned from 40 to 120 8C with
data recorded at 2 s point1.Radiation-Shielding Measurements
X-ray shielding was conducted in the range 40–100 kVp. Radiation
flux from stable sources (X-ray) was collected by an ionization
chamber with a highly sensitive current integrator. The shielding
performance or efficiency of shielding (%) is represented by the
percentage of radiation absorbed versus radiation flux,
efficiency ¼ radiation flux collected radiation
radiation flux
Since PbO particles are widely used across industries as a type of
radiation-shielding filler, they were used to prepare epoxy/PbO
composite as a benchmark in this study. The preparation epoxy/
PbO composite is similar to that of epoxy/u-Gd2O3 nanocomposite.Results and Discussion
FT-IR Spectroscopy
Figure 1 contains the FT-IR spectra of un-modified
gadolinium oxide (u-Gd2O3) and modified gadolinium
oxide (m-Gd2O3). The u-Gd2O3 demonstrates two obvious
absorption peaks: one at 1 491 cm1 corresponding to the
presence of Gd¼O linkage and another at 1 395 cm1
meaning the presence of GdOd linkage in the particles.
This refers to no existence of organic group on the u-Gd2O3
surface. Upon modification by IPDI, Gd2O3 should show
new absorption peaks. Three new major absorption peaks
are indeed observed for m-Gd2O3: the first peak at
2 262 cm1 corresponding to the presence of N¼C¼O
linkage, the second at 1 628 cm1 could be caused by the011, 296, 465–474
H & Co. KGaA, Weinheim 467
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J. Ma et al.carbonyl group of IPDI, and the third at 1 557 cm1 meaning
the presence of CH2 in the particles. This indicates that the
IPDI molecules were anchored into the porous structure of
the particles during modification.
The anchored IPDI reacted with J230 shown in Figure 2.
Our previous study shows that the reaction between IPDI
and diamines is active and needs to be conducted at low
temperature at 5 to 0 8C.[39] The reacted IPDI molecules
bridge the nanoparticles with epoxy, which improves the
interface between nanoparticles and epoxy, supposedly
promoting the nanoparticle dispersion and leading to
improved toughness.[40]Morphology
The nanocomposites were microtomed to produce 50 nm
thick sections. Epoxy resin comprises hydrocarbon, through
which electrons transmit; the nanoparticles consisting ofFigure 2. Reaction of IPDI with hardener J230.
Figure 3. TEM micrographs of epoxy/u-Gd2O3 nanocomposite (1.7 vol.
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under TEM than matrix. Figure 3 shows the typical TEM
micrographs of the 1.7 vol.-% epoxy/u-Gd2O3 nanocompo-
site. At a low magnification in Figure 3a, the dispersion
particles are indeed dark; these particles are found to be
aggregates in Figure 3b and c; each aggregate consists of
square-like particles with lateral dimension of 60 nm. An
aggregate size of 1.98 1.16mm was obtained through
image analysis conducted on the aggregates in Figure 3a. A
few spherical dots of 7 nm in diameter are marked by
circles at a high magnification in Figure 3d. The nanopar-
ticles shield electrons and thus appear darker. As these dots
show a light color, they must consist of organic molecules
such as epoxy which anchored into the porous structure of
Gd2O3 during fabrication.
Figure 4 contains the TEM micrographs of epoxy/m-
Gd2O3 nanocomposite. Aggregates were found smaller in
Figure 4a than those in Figure 3a; the aggregates consist of-%).
011, 296, 465–474
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Figure 4. TEM micrographs of epoxy/m-Gd2O3 nanocomposite (1.7 vol.-%).
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While the u-Gd2O3 aggregates showed a diameter of
1.98mm, an aggregate size of m-Gd2O3 was measured
as 1.13 0.54mm by image analysis in Figure 4a. The 42.9%
of size reduction of aggregates implies that the modification
improved the nanoparticles’ dispersion. In comparison
with Figure 3d, an increased number of dots are observed in
Figure 4d. This is explained in light of the surface
modification of Gd2O3. The modifier IPDI has a molecular
weight (Mw) of 222 and its polar surface parameter (58.86) is
close to that of Gd2O3 (43.37).
[36] Thus the IPDI molecules
during modification anchored into the pores of Gd2O3
nanoparticles; during curing, the anchored IPDI reacted
with hardener J230 to produce a strong interface for
the epoxy/m-Gd2O3 nanocomposite. Therefore, the dots
observed in Figure 4d are those anchored IPDI molecules.Mechanical Properties and Fracture Toughness
In Table 1, the epoxy/u-Gd2O3 and epoxy/m-Gd2O3








neat epoxy 2.48 0.13 66.01 0.27 0.62
epoxy/u-Gd2O3, 1.7 vol.-% 2.89 0.13 59.15 0.52 0.75
epoxy/m-Gd2O3, 1.7 vol.-% 2.95 0.18 58.69 1.33 0.87
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This is caused by the 1.7 vol.-% metal
oxide particles used, which has a much
higher Young’s modulus 90.1 GPa[37]
than epoxy. The modulus improvement
by u-Gd2O3 is similar to that bym-Gd2O3,
implying little effect of interface mod-
ification on matrix stiffness.
Since there are a variety of models
for predicting the modulus of
composites based on the moduli and
volume fraction of the composite con-
stitutes, we compared the experimental
results of epoxy/Gd2O3 nanocomposite
with the theoretical upper and lower
bounds of the elastic modulus proposed
by Voigt-Reuss model[41,42] and Ravi-
chandran model[43].
Voigt/Reuss model simplifies a com-
posite as a laminated system. By assum-
ing iso/strain of a composite phases
under loading parallel to the interface,Voigt proposed that the upper elastic modulus bound of a
composite is determined byEuc ¼ EmVm þ EpVp (1)By assuming iso-stress of a composite’s phases under
loading perpendicular to the interface, Reuss proposed that
the lower elastic modulus bound of a composite is
expressed asElc ¼
EmEp
EmVp þ EPVm (2)where Ec, Em and Ep are the Young’s moduli of composite,
matrix and filler, respectively; Vm and Vp refer to the
volume fractions of matrix and filler, respectively, with
VmþVp¼ 1.
Since neither iso-strain nor iso-stress is realistic, Ravi-
chandran modified Voigt-Reuss model into a unit cell
which comprises a continuous matrix and isolated





 0.06 139.1 29.4
 0.10 175.8 46.8
 0.07 228.6 28.3
im 469
Table 2. Comparison of measured Young’s modulus with theor-
etically calculated values.
Model used Young’s modulus
GPa
Upper bound Lower bound
Voigt-Reuss model 3.97 2.52
Ravichandran model 3.02 2.53
470
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J. Ma et al.the modulus bounds of a composite that contains
dispersion particles:FigEuc ¼
EmEp þ E2m 1 þ Cð Þ2E2m
h i
1 þ Cð Þ
EpEm
 





1 þ Cð Þ2E2m þ EmEp
CEp þ Em
 
1 þ Cð Þ2 (4)where C ¼ 1Vp
 1=31.
Table 2 shows the comparison of the bounds predicted by
Voigt-Reuss model and Ravichandran model. Ravichandran
model bounds are relatively closer to each other than those
of Voigt-Reuss model; the modulus 2.95 GPa of epoxy/
m-Gd2O3 nanocomposite is similar to the upper bound
3.02 GPa predicted by Ravichandran model. Hence, Ravi-
chandran model offers closer bounds on the estimation of
elastic modulus for polymer/metal nanocomposites.
At 1.7 vol.-% nanoparticle fraction, the tensile strength of
neat epoxy reduces from 66 to 59 MPa for both
nanocomposites, which is explained in light of interface.
Without interface modification, the nanoparticles show a
high degree of aggregation in Figure 3. If the interface is
good enough, nanoparticles should disperse uniformly,
leading to no reduction of strength for a network structure
matrix (see Figure 2 and Table 1 and 2 in ref.[29]). Although
the interface modification in this study promoted the
dispersion of Gd2O3 nanoparticles as evidenced in Figure 4,
the nanoparticles were not uniformly dispersed, implying
that interface is not perfect. Therefore, these nanoparticles
may act as defects in a network structure matrix, leading to
reduced tensile strength. Based upon the stress/strain
relations of polymers, three types of polymers are classified:ure 5. SEM micrograph of tensile-fractured surface of neat epoxy
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of which, brittle polymers are featured by high stiffness and
strength, but they are inherently brittle. Therefore,
extensive research has been conducted to improve the
fracture toughness of epoxy in past decade. While it is
desired to toughen epoxy with no loss of stiffness and other
desired properties, a slight reduction of tensile strength
does not pose negative effect on the application of epoxy
resins.
Fracture toughness is the most important property for
brittle polymers. With 1.7 vol.-% u-Gd2O3, the plane-strain
fracture toughness of neat epoxy increases from 0.62 to
0.75 MPa m1/2, merely 21% increment. In contrast to the
homogeneity of neat epoxy, the inhomogeneity of epoxy/u-
Gd2O3 is more effective in terms of energy dissipation,
leading to increased toughness. Upon interface modifica-
tion, it increases to 0.87 MPa m1/2, representing a further
18.7% improvement. At 1.7 vol.-% u-Gd2O3 fraction, the
critical strain energy release rate of neat epoxy improves
26.4%; by contrast, the same fraction of m-Gd2O3 improves
the energy release rate 64.3%. This highly improved fracture
toughness is caused by the enhanced interface strength.
Under loading, the m-Gd2O3 nanoparticles carry a higher
fraction of load than theu-Gd2O3 nanoparticles. The smaller
size, less dense aggregates of m-Gd2O3 nanoparticles
indicated in Figure 4 are more effective in dissipating
fracture energy than the aggregates of u-Gd2O3 in Figure 3.Fractograph
The SEM micrographs of tensile-fractured surfaces of neat
epoxy and its nanocomposites are shown in Figure 5–7. At
the lowest magnification of these figures, two zones are
identified using ‘A’ and ‘B’. Since fracture initiated from
zone A and grew slowly, this zone provides more useful
fracture information.
A typical zone marked by a square in Figure 5a is
magnified in Figure 5b, which indicates a few river lines
caused by matrix plastic deformation. Figure 5c and d show
that these river lines are sharp and straight, which is caused
by the homogeneous, brittle structure of neat epoxy. The
particles appeared on these images are contaminants
produced during tensile testing. When epoxy was com-
pounded with u-Gd2O3, these two zones became more
obvious with much more deformation lines and a few.
011, 296, 465–474
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Figure 6. SEM micrograph of tensile-fractured surface of the 1.7 vol.-% epoxy/u-Gd2O3 nanocomposite (1.7 vol.-%).
Figure 7. SEM micrograph of tensile-fractured surface of the 1.7 vol.-% epoxy/m-Gd2O3 nanocomposite (1.7 vol.-%).
Figure 8. SEM micrograph of fractured epoxy CT.
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many ridges is found in Figure 6b; the deformations in
Figure 6c are caused by the nanoparticle aggregates,
because all ridges connect to the aggregates; Figure 6d
shows a typical aggregate that is contained inside a cavity.
Since Gd2O3 is much stronger than epoxy matrix, nano-
particle is impossible to cavitate and thus the cavity must
be caused by the debonding between aggregate and matrix.
Upon modification, zone A grows bigger with more
trenches in Figure 7a than that of epoxy/u-Gd2O3 in
Figure 6a. Fracture information provided in Figure 7b and c
for epoxy/m-Gd2O3 is generally similar to that in Figure 6b
and c for epoxy/u-Gd2O3. However, an empty cavity is
found when a representative aggregate in Figure 7c is
magnified in Figure 7d, indicating a different tensile-
fracture mechanism. As discussed in TEM analysis, m-
Gd2O3 nanoparticles formed the looser, smaller aggregates
than u-Gd2O3 due to the modification that bridges matrix
molecules with nanoparticles. Under tensile loading, them-
Gd2O3 nanoparticles rather than the aggregates carry load,
indicating less chances of debonding between aggregate
and matrix. This explains why the aggregate-matrix
debonding has not been found in Figure 7d in comparison
with Figure 6d.
Upon presence of a sufficiently sharp crack, these
nanocomposites display different fracture behavior. Figure
8–10 contain the SEM micrographs of fractured CT speci-
men of neat epoxy and its nanocomposites. In Figure 8, the
fracture surface of neat epoxy is flat except a few hackles,
characteristic of brittle failure. At 1.7 vol.-% u-Gd2O3
fraction, the fracture toughness of neat epoxy increased
21% in Table 1 and this should be accompanied with a rough
fracture surface, which is confirmed by a scale-like structure
in Figure 9a. Figure 9b and c show that the main fracture
phenomenon of epoxy/u-Gd2O3 nanocomposite is voidwww.MaterialsViews.com
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number of ridges appear on the fracture surface in Figure
10a. At high magnifications in Figure 10b and c, tails are
found to initiate from the m-Gd2O3 aggregates and to grow
along the direction of crack propagation; no obvious void
was observed in comparison with Figure 9. The u-Gd2O3
nanoparticles combine little matrix molecules, and thus
interface debonding readily occurs during fracture. By
contrast, the m-Gd2O3 nanoparticles combine with matrix
molecules due to the modification as analyzed in FT-IR and
TEM sections. Upon loading, the m-Gd2O3 aggregates are
able to carry a higher degree of stress than the u-Gd2O3
aggregates, initiating tails. As a result, the 1.7 vol.-% m-
Gd2O3 nanoparticles improves the critical strain energy
release rate by 64.3%, in comparison with 26.4% byu-Gd2O3
nanoparticles.
Based upon observation and analysis in Figure 9–10, the
toughening mechanisms of these two types of epoxy/metal
nanocomposites are identified below.011, 296, 465–474
H & Co. KGaA, Weinheim 471
Figure 9. SEM micrographs of 1.7 vol.-% fractured epoxy/u-Gd2O3 nanocomposite (1.7 vol.-%).
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J. Ma et al.Figure 10. SEM micrographs of 1.7 vol.-% fractured epoxy/m-Gd2O3 nanocomposite (1.7 vol.-%).(i) Epoxy/u-Gd2O3 Nanocomposite: Torn aggregates were
observed in Figure 9b, which were further identified as
voids in Figure 9c due to the interface debonding
between aggregates and matrix. These aggregates
span the two crack surfaces, apply surface tractions
that reduce the loading applied at the crack tip, and
initiate matrix shear banding as evidenced by scale-
like structure in Figure 9a and b. The fracture energy is
consumed through the following mechanisms: the
stretching and tearing of the aggregates; the interface
debonding between aggregates and matrix and matrix
shear banding which causes scale-like structure in
Figure 9a. The interface debonding consumes little
energy since no interface modification was made, but
it triggers the stretching and tearing of the aggregates,
which is known as crack bridging mechanism;[44,45]
matrix shear banding is almost simultaneous triggered
by the debonding; the matrix shear banding consumes
most of the fracture energy for the 26.4% improved
energy release rate.(ii) EFigure 11. Damping behavior of neat epoxy and its Gd2O3 nano-
composites.poxy/m-Gd2O3 Nanocomposite: Tails are observed to
grow from the aggregates in Figure 10b, indicative of
crack pinning mechanism.[45–48]. No obvious voiding
was observed, implying that the nanoparticles may
carry load independently to each other rather than
working as aggregates during fracture, while the
u-Gd2O3 nanoparticles carry load in the form of
aggregates in Figure 9b and c. This means that the
interface debonding between m-Gd2O3 and matrix
consumes more fracture energy than that of theMacromol. Mater. Eng. 2011,
 2011 WILEY-VCH Verlag GmbH &epoxy/u-Gd2O3. The debonding may trigger crack
pinning mechanism and matrix shear banding simul-
taneously. Most fracture energy should be consumed
by the matrix shear banding as indicated by the ridges
in Figure 10a. Hence, the interface-modified nanocom-
posite shows a 64.3% enhanced energy release rate in
Table 1.Dynamic Mechanical Analysis
Figure 11 shows the damping behavior of neat epoxy and its
nanocomposites. Determined from the midpoints of the
corresponding glass transition regions, the Tgs of these296, 465–474
Co. KGaA, Weinheim www.MaterialsViews.com
Figure 13. X-ray shielding of neat epoxy, epoxy/PbO, epoxy/u-
Gd2O3 and epoxy/m-Gd2O3 (the content of PbO is lower than the
designed value of 10wt.-%).
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relaxation behavior of network epoxy molecules is highly
sensitive to the local environment at its glass transition
when molecules rearrange themselves. The rate of the
rearrangement or relaxation process generally depends
on the three factors: matrix crosslink density, the addition
of reinforcement nanoparticles and the nanoparticle
interface. As expected, the peaks of tan d reduce with the
presence of Gd2O3 nanoparticles, indicating a reduction of
polymer volume fraction.[49,50] Both nanocomposites show
obvious higher Tgs than neat epoxy, because the Gd2O3
nanoparticles pose barriers to the vibration of matrix
molecules through the Tg region and thus cause longer
relaxation time, in agreement with our previous research
where nanoparticles increased the Tg of neat epoxy.
[21,29,33]
Once the interface modification bridges the nanoparticles
with matrix, there is a low level of interface slippage
between nanoparticles and matrix under dynamic loading,
which means a more pronounced barrier effect. Therefore,
the epoxy/m-Gd2O3 nanocomposite should show a higher
Tg than the epoxy/m-Gd2O3, which is contradictory to what
is shown in Figure 11. This is explained in light of matrix
crosslink density. During the modification, the reaction
between grafted IPDI and J230 in Figure 2 consumed the
amount of hardener, leading to a lower crosslink density of
matrix. Thus, them-Gd2O3 nanocomposite shows a slightly
lower Tg than the u-Gd2O3 nanocomposite.
The determination of the storage modulus can be used to
evaluate the elastic property of a specimen that is deformed
under a periodic stress in DMA. In Figure 12, both
nanocomposites demonstrate reduced storage modulus,
indicating the elasticity reduction due to the addition of
Gd2O3 nanoparticles. The epoxy/m-Gd2O3 nanocomposite
shows lower storage modulus than the epoxy/u-Gd2O3
system, and this indicates a less intensive networkFigure 12. Storagemodulus versus temperature of neat epoxy and
its Gd2O3 nanocomposites.
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matrix crosslink density due to the reaction between
grafted IPDI and J230.X-Ray Shielding Properties
As the major radiation-shielding filler, PbO was com-
pounded with epoxy to prepare an epoxy/PbO composite
which was subsequently tested for X-ray shielding as a
comparison. In Figure 13, the shielding efficiency of neat
epoxy improves 300–360% through compounding with
1.7 vol.-% Gd2O3. It is noteworthy that Gd2O3 nanoparticles,
no matter if modified or not, dispersed evenly in epoxy
during preparation, while a fair amount of PbO particles
precipitated due to their poor interface with epoxy. This
explains the much lower shielding performance of epoxy/
PbO composite. The shielding efficiency of epoxy/u-Gd2O3
is quite similar to that of epoxy/m-Gd2O3 nanocomposite,
indicating no negative effect produced by the nanoparticle
surface modification on the functional properties.Conclusion
The interface modification for polymer/metal nanocompo-
site was conducted by taking advantage of the porous
structure of gadolinium oxide nanoparticles (Gd2O3). In
specific, IPDI molecules were anchored into the surface of
Gd2O3 first and then reacted with hardener J230 during
curing. The IPDI molecules thus bridged Gd2O3 with matrix
molecules to produce a strong interface, which promoted
the dispersion of nanoparticles and improved fracture
toughness while posing no negative effect on the functional
properties. While interface modification had no obvious011, 296, 465–474
H & Co. KGaA, Weinheim 473
474
www.mme-journal.de
J. Ma et al.effect on modulus improvement, it produced 37.9%
improvement of the fracture energy release rate over
epoxy/u-Gd2O3 nanocomposite. The debonding betweenu-
Gd2O3 aggregates and matrix initiated almost simulta-
neously crack bridging mechanism and matrix shear
banding. Regarding epoxy/m-Gd2O3 nanocomposite, tails
followed each aggregate indicating crack pinning mechan-
ism; the nanoparticles may carry load independently to
each other rather than working as aggregates, which means
that the interface debonding betweenm-Gd2O3 and matrix
consumed more fracture energy than that of the epoxy/u-
Gd2O3; the debonding then triggered crack pinning
mechanism and matrix shear banding almost simulta-
neously. In both nanocomposites, most fracture energy was
consumed by the matrix shear banding.Acknowledgements: J. M. thanks the Australian Research Council
for the award of an Australian Postdoctoral Fellowship, tenable at
the University of South Australia. Jeffamine was kindly provided
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